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Recent rapid development in the field of micro- and nano-electromechanical systems (MEMS/NEMS)1,2 has been
driven by a strong expectation that extreme miniaturization of
mechanical devices and machines will yield significant returns in
the form of discoveries of novel properties and revolutionary
applications. Within this burgeoning field, microcantilevers (with
thicknesses ranging from 500 nm to a few micrometers) are
among the most common of MEMS structures, widely utilized
for applications as sensors, actuators, and scanning probes. As
sensors, these have been specialized for response to both physical
and chemical stimuli,3,4 with more recent developments includ-
ing biological functionalization of microcantilevers to detect
proteins, DNA molecules, bacteria, and cancer.57 Nanocanti-
levers (thickness below a few hundred nanometers) have also
been attracting increasing attention,79 particularly for their
potential to serve as ultrasensitive probes. Several studies have
demonstrated that nanofabricated machines could be utilized to
detect a single electron spin or a molecule with a mass of
femtogram, or even zeptogram.10,11
Efforts to characterize and improve the performance of
cantilevers have been the subject of a vast number of studies
reported in the literature.3,4,12 For example, in situ static and
dynamic measurements have been performed to determine the
mechanical properties of microcantilevers in gaseous and liquid
or ultrahigh vacuum environments.4 Direct visualization of the
mechanical motions of cantilevers in real time is one potentially
powerful technique for the characterization of their mechanical
properties, particularly for the more demanding development of
nanocantilevers for better accuracy, sensitivity, and reliability. In
several previous 4D electron microscopy studies,1316 direct,
real-time imaging of mechanical motions of nano- andmicroscale
structures has been demonstrated. Here, we report a novel and
simple application of 4D imaging using resonant excitation by
high-frequency pulsed laser heating in the study of nanocanti-
lever dynamic response. The specimen investigated, a NEMS/
MEMS analogue, consisted of arrays of nanocantilevers with
systematic variations of width or length, all with natural reso-
nance frequencies above 1 MHz. The frequency response can be
rapidly assessed by this technique, making possible the real-time
measurement of temperature dependence of the resonance
frequencies. When used in conjunction with time synchronized
imaging, the detailed phase response of the nanocantilever
vibration may also be characterized.
Microscopy and Materials. Production of the specimens
studied here began with the sequential deposit of polycrystalline
thin film layers of Ti and Ni (30 nm/30 nm) by electron beam
evaporation onto a Si3N4membrane substrate (15 nm thick, 0.25
 0.25 mm2 window). After the deposition of the metal layers,
two nanomachined cantilever arrays (hereafter designated by the
names nanopiano and nanoharp for similarity in appearance; see
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ABSTRACT: Nanomusical systems, nanoharp and nanopiano, fabricated as
arrays of cantilevers by focused ion beam milling of a layered Ni/Ti/Si3N4 thin
film, have been investigated in 4D electron microscopy. With the imaging and
selective femtosecond and nanosecond control combinations, full characteriza-
tion of the amplitude and phase of the resonant response of a particular cantilever
relative to the optical pulse train was possible. Using a high repetition rate, low
energy optical pulse train for selective, resonant excitation, coupled with pulsed
and steady-state electron imaging for visualization in space and time, both the
amplitude on the nanoscale and resonance of motion on the megahertz scale were
resolved for these systems. Tilting of the specimen allowed in-plane and out-of-
plane cantilever bending and cantilever torsional motions to be identified in
stroboscopic measurements of impulsively induced free vibration. Finally, the
transient, as opposed to steady state, thermostat effect was observed for the
layered nanocantilevers, with a sufficiently sensitive response to demonstrate suitability for in situ use in thin-film temperature
measurements requiring resolutions of <10 K and 10 μmon time scales heremechanically limited tomicroseconds and potentially at
shorter times.
KEYWORDS: 4D imaging, nanocantilever dynamics, ultrafast electron microscopy, system control
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Figure 1), were patterned by focused ion beam (FIB) milling
(FEI DualBeam Nova 200). The nanopiano cantilevers, all with
lengths of 4.6 ( 0.1 μm, have widths which range from 2.3 μm
to below 400 nm, while mean length constitutes the principle
design variable of the nine nanoharp cantilevers, spanning the
range of 1.29.1 μm, for widths varying from∼300 to 600 nm.
The two thinnest nanopiano cantilevers, p7 and p8, and two
pairs of nanoharp cantilevers, h1/h2 and h3/h4, remain fused
and are distorted over the central portion of their length, due to
imperfect FIB milling, as seen clearly in Figure 2.
The experiments in this study were performed in the second
generation UEM laboratory (UEM-2), the operation of which
has been described elsewhere17,18 with only the UV laser
wavelength differing between those previous descriptions and
the current arrangement. Briefly, the output of a femtosecond
(fs) Yb-doped fiber oscillator/amplifier system or of a nano-
second Q-switched Nd:YAG laser was frequency-doubled to
provide a train of visible (519 or 532 nm, respectively) pump
pulses to heat the specimen. In the current standard nanosecond
stroboscopic UEM mode, the fourth harmonic output of a
second Q-switched Nd:YAG laser at 266 nm was used to
generate an electron probe pulse for each nanosecond pump
pulse. The relative timing of pump and probe at the specimen
was established by triggering the two lasers by two independently
programmable output pulses from a digital delay generator. Due
to the relatively long (tens of nanoseconds) mechanical response
of the specimen, resolution of motion on the femtosecond time
scale was not needed.
In initial characterization of the nanocantilever array dynamics,
conventional UEM images were constructed stroboscopically at 1
Figure 1. Scanning electronmicroscopy images of two nanocantilever arrays (nanopiano and nanoharp) fabricated by focused ion beammilling of a film
of 30-nm layers of polycrystalline Ti and Ni deposited sequentially on a 15 nm Si3N4 substrate.
Figure 2. Time-dependent image change showing mechanical motions of individual nanocantilevers following excitation by a single nanosecond laser
pulse at a fluence of 2 mJ/cm2. At left are images of the quiescent states, 100 ns before arrival of the laser pulse. The six right-hand images are difference
images, formed by subtracting the leftmost image from one recorded at the indicated time delay relative to the laser pulse, after normalization of the full
image intensity. The sample was tilted at35 for nanopiano andþ30 for nanoharp to enhance the observability of out-of-plane motion. A dashed line
is drawn as a reference, indicating the location of the fifth cantilever in each of the images. A uniform contrast range is used for display of the images in
each difference image sequence.
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kHz excitation frequency, providing a 1 ms recovery time for the
specimen between pulses, sufficient for essentially complete cool-
ing and damping ofmechanical vibration of the thin film specimen.
Experiments with high repetition rate excitation, without full
specimen recovery between pulses, were also carried out to
selectively actuate resonant vibration of individual cantilevers. In
this case, the repetition rate of either femtosecond or nanosecond
laser pulses illuminating arrays of Ni/Ti cantilevers was tuned to
match a natural resonance frequency of the chosen cantilever, or a
submultiple thereof, while probing with either a continuous
electron beam (TEM mode) or with timed electron pulses as in
standard UEM. Frequencies of operation only up to ∼100 kHz
were available with the nanosecond laser system, while the choice
of frequencies when using the femtosecond laser system was
limited to integral divisors of the oscillator modelock frequency
of 24.84 MHz falling in the range 100 kHz and higher.
Dynamics of Nanocantilevers. Earlier, we studied single
cantilevers, but the focus here is on systems made of arrays
of cantilevers. 4D images of the nanopiano and nanoharp were
recorded in several time series appropriate for capture of their
response to single green light excitation pulses. These are
represented by the images shown in Figure 2 and in movies
constructed from the time frames (Movies S1 and S2, Supporting
Information). The estimated laser fluence on the specimen in
these experiments was 2 mJ/cm2, and cantilever motion is
triggered by the optical light pulse via the bending stress caused
by differential thermal expansion in the multilayered film (ther-
mostat effect; see below). To observe the fundamental out-of-
plane vibration of the cantilevers easily, the sample was tilted
at 35 for the nanopiano and þ30 for the nanoharp.
The six difference images on the right of Figure 2 were
constructed by subtracting a reference image (shown at the left
of the figure) from the image at the time delay indicated. The
reference time chosen here is t = 100 ns, where t is measured
relative to the time of pump light arrival at the specimen. In these
and other image comparisons to extract cantilever motion, image
drift was controlled with respect to a selected section of the film
edge adjacent to the cantilever anchor points, and the full image
intensity was normalized to reduce the influence of variations in
electron beam pulse intensity. The difference images clearly
highlight the changes in spatial location of the cantilevers as a
function of time. Note that, in addition to the cantilevers, film
edges are also subject to relative mechanical motion and are
therefore visible in the difference images.
Plots tracing the impulsively initiated dynamics of individual
cantilevers in the data sets described above are shown at the top
of Figure 3. The four plots depict the time-dependent motion of
two cantilevers from each array: (p1, p5) of the nanopiano and
(h1, h5) of the nanoharp. Themethod of analysis here consists of
measuring the evolution of selected area intensity of an area
Figure 3. Time-dependent motion following impulsive excitation of two selected cantilevers for nanopiano (p1, p5) and nanoharp (h1, h5). (Top)
Individual cantilever motion is represented by the integrated intensity of a selected area spanning the edge of the cantilever in all difference images of the
time series fromwhich the images in Figure 2 were taken. (Bottom) Fast Fourier transforms (FFT) of the four intensity plots. Inset: FFT’s created by the
same procedure as used for those in the main panel, for a time scan recorded with all experimental conditions the same as above for the nanoharp, except
that the specimen tilt angle was 0 instead of þ30.
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spanning an edge of the cantilever of interest. An example of such
an area is that shown by the rectangular box on the edge of p1 in
the first image of Figure 2. In the given case of a sharp transition
between two contrast levels and box of depth greater than the
range of displacement, this intensity directly reflects the canti-
levermotion in the direction perpendicular to the given edge, and
very similar behavior is seen by an analysis which tracks the
cantilever edge displacement (see below). The data of Figure 3
are taken from a single temporal scan, but the dynamics were
found to be reproducible in repeated scans.
In the lower panels of Figure 3 are shown fast Fourier
transforms (FFTs) calculated for each of the four intensity plots.
Note that the FFTs of all cantilevers reveal more than one
frequency, and the basic spectral form is independent of the
particular selected area chosen for the intensity plot. In the
nanopiano, a congested three-frequency spectrum, as shown for
p1 and p5, is found for each of the six individual cantilevers
measured, p1p6, with no frequency above 3.2 MHz. In this
case, the lowest frequency, at 1.37 MHz, is common to all of the
cantilevers, the middle frequency is less clearly resolved, at 2.15
( 0.2MHz, while the highest frequency value (ν3) shows a slight,
but systematic, shift upward with decreasing cantilever width.
Frequencies matching the two lower frequencies also appear in
spectra of motion measured at various points along the film edge
and so are reasonably assigned to vibrations of the film. The third
frequency is plotted in Figure 4 as a function of the width of the
associated cantilever.
In the nanoharp, the principle frequencies of h1 and h5 in
Figure 3 are 1.07 and 2.7 MHz, respectively. The spectrum of h2
motion closely matches that of h1, indicating that the two move
together as a single fused structure, as do h3 and h4; see the
difference images in Figure 2, for example. Several harp canti-
levers also display much higher prominent frequencies, such as
those at 5.75 and 10.3 MHz seen in the figure. To identify
contributions of the in-plane motions of the cantilevers, an
identical analysis was applied to experiments at 0 tilt of the
specimen, in which contributions from the out-of-plane motion
should be greatly reduced, and the results are plotted in the inset
of Figure 3, lower right. Indeed, emergence of 5.8 and 10.3 MHz
as the dominant frequencies in these spectra convincingly
establishes that those frequencies correspond to in-plane vibra-
tions of the two cantilevers. Themajor low frequency components
from spectra for h1h6 are plotted in Figure 4 against the mean
length of the corresponding cantilever (or pair of cantilevers in the
case of h1/h2 and h3/h4). For the low amplitude, low signal-to-
noise motion of h7 and h8, strong lower frequency peaks are
present in addition to the plotted frequencies that follow the
length-dependent trend established by the longer cantilevers.
In the EulerBernoulli theory, the natural frequencies of the
transverse out-of-plane (νo) and in-plane (νi) vibrations of an
ideal clamped-free cantilever of uniform rectangular cross section
can be expressed as19
νo ¼ λ
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where λ is a constant equal to 1.8751 for the fundamental
vibrations and 4.694 for the first overtones; l, d, and w are the
length, thickness, and width of the cantilever; Y is Young’s
modulus; and F is the density. Taking the thickness-weighted
average of the Y and F values for Ni, Ti, and Si3N4 (200 GPa,
8.9 g/cm3; 116 GPa, 4.5 g/cm3; and 379 GPa, 3.17 g/cm3,
respectively) as an estimate of the effective material properties of
the cantilever, one may calculate the dependence of the funda-
mental frequencies for piano and harp on their respective design
parameters for comparison with the measured values. The
calculated curves for the out-of-plane fundamentals, using the
obtained values of Y = 202 GPa and F = 5.99 g/cm3 without
adjustment, are plotted in Figure 4. Note that the out-of-plane
frequencies are independent of width, leading to a constant value
for the piano, where a single value for the length has been invoked.
The fact that the calculated curves are in fair agreement with
the measured frequencies further supports the assignment of the
latter to out-of-plane vibrations for both piano and harp. Devia-
tions from the ideal formulas are at least partially attributable to
variations in uniformity of the structures. For example, the wider
piano cantilevers can be seen in Figure 1 to terminate in a vertical
bend that addsmass at constant horizontal length, andmay lower
the frequency relative to the prediction. At shorter lengths, there
is some systematic deviation of the frequencies of the harp canti-
levers from the 1/l2 dependence, and this may reflect the length
scale over which the flexibility of the film makes the assump-
tion of rigid clamping at the attachment point inappropriate.
Equations 1 also give the theoretical value of the frequency
ratio νi/νo as w/d. Using the dimensions of the h5 cantilever (d,
75 nm; w, 310 ( 30 nm) one obtains a ratio w/d of 4.1 ( 0.4,
consistent with the measured νi/νo = 3.8 to within the deviation
from uniformity of the structure. The highest in-plane frequency
observed was 16.8 MHz for h6. With the quite uniform width of
this cantilever of 340 nm, both measured ratios, of frequency and
of dimension, give ideally matching values of 4.5. The ideal
cantilever relation is not applicable for the irregular, twisted, and
fused structure of the compound h1/h2 cantilever, although the
measured frequency ratio of 5.4 leads to a predicted width of
400 nm, fortuitously close to the 440 nm median width of h1 in
the vertically projected image or the 460 nm width of h2. No in-
plane frequencies were observed in the piano spectra, consistent
with the higher frequencies expected (e.g., 32.4 MHz for p5) and
the experimental bandwidth limit for the measurements. Over-
tones of the out-of-plane vibration, predicted to appear at 6.27
times the fundamental νi, also were not observed for any of the
cantilevers.
Figure 4. Frequency dependence on cantilever width and length in
nanopiano and nanoharp, respectively. The red and black curves
represent the measured principal out-of-plane frequencies (see text).
The yellow curves are calculated from eqs 1, for the appropriate
estimated physical parameters, without adjustment.
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An additional characteristic motion of the p1 cantilever was
evident in a time-resolved scan recorded at the higher tilt angle of
55: that of torsion, at a frequency of 13.1MHz. This frequency is
not visible in the p1 spectrum of Figure 3, obtained by the
standard process of motion analysis, but is vividly revealed by
adding intensities recorded at the top and bottom edges of the
cantilever, since the effect of torsion is to produce a periodic
widening and narrowing of the projected cantilever profile. The
observed value for the frequency agrees well with that predicted
(12.8 MHz) for torsional vibration of a uniform shaft of
rectangular cross section with w . d,20 using the approximate
material and geometric properties used for calculation of the
transverse vibrations, and taking a value of 0.3 for Poisson’s ratio.
The detection of this frequency with the ability to unequivocally
identify its nature provides a powerful illustration of the cap-
ability provided by the ultrafast imaging technique.
Function Control: Selective Femtosecond and Nanose-
cond Excitation in TEM. The above-described and previously
applied method of stroboscopic study and analysis of impulsively
initiated free oscillation allows for a thorough characterization of
cantilever dynamic behavior, especially if multiple tilt orienta-
tions are recorded,14 but is time and resource intensive, in that
many frames have to be recorded and stored for later analysis.
For sensitive structures, the cumulative and peak fluence
exposure to laser light and electron pulse illumination may
alter the mechanical characteristics of the structure over short
or long time scales.
We report here an alternative characterization technique, in
real time; specifically, the use of high frequency, low fluence
pulsed laser excitation to resonantly and selectively excite
individual cantilevers in the same arrays studied above. The
interpulse interval in this case is far shorter than the cooling or
vibrational damping time, so each successive pulse interacts with
a specimen already in motion and at an elevated temperature.
Only when the repetition rate of the laser matches a resonance
frequency of a given individual cantilever, will it be set into
motion of significant amplitude. For the initial experiments
discussed below, the images were recorded by means of a
conventional, continuous, thermally generated electron beam,
and therefore without synchronization between excitation pulse
and probe (TEM mode). Therefore, any cantilever motion will
manifest itself in local blurring of the image.
First is shown in Figure 5 an image with the nanoharp
undergoing femtosecond excitation under nonresonant condi-
tions at a pulse fluence about 80 times lower (∼24 μJ/cm2) than
for the 1 kHz impulsive experiments (average power ∼7 times
higher). The specimen increases in temperature to a new steady-
state value, but motion of all cantilevers is negligible, hence the
sharp image in TEMmode. In the next panel (which is one frame
from the supplementary movie S3, Supporting Information),
the repetition rate has been adjusted to cause blurring of h1/h2 in
the TEM image, still for a fluence of∼24 μJ/cm2, indicating the
resonant actuation of only that cantilever. The laser repetition
rate for this image is 0.552 MHz, which is close to one-half of the
h1/h2 fundamental vibrational frequency determined in the
stroboscopic study. Note that this repetition rate is the laser
oscillator frequency of 24.84 MHz divided by 45, and therefore
the excitation repetition rate could not be exactly doubled to
directly confirm resonance at the fundamental itself.
Maintaining laser power and changing the repetition rate
between 0.552 MHz and the closest available values of 0.565
and 0.540MHz allowed the resonance to be repeatedly turned on
or off at will. At resonance, the degree of blurring was not
constant in time; rather the amplitude of the motion would
Figure 5. Nonresonant excitation and selective resonant excitation in the nanoharp. Excitation conditions (left to right): 0.540MHz, 24μJ/cm2; 0.552MHz,
24 μJ/cm2; 1.31 MHz, 40 μJ/cm2. The images were recorded by a continuous, thermally generated electron beam (TEM mode) For nonresonant
excitation in the left image, all the cantilevers look very sharp. Only the h1 and h5 cantilevers are found to be blurry in the center image and right image
(expanded in the lower panel), respectively, directly indicating the selective resonant excitation at the corresponding natural frequencies of 1.104 and
2.62 MHz. The general scheme for resonant excitation is represented by the cartoon at lower left, showing the time sequences of laser excitation (black
vertical lines) and electron probing (shades of white from light gray for low intensity to pure white for high intensity) for TEM and UEM modes.
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increase and decrease with intermittent brief halts, on the time-
scale of seconds (see movie S3 in the Supporting Information).
By a similar process of adjustment in power and frequency,
selective blurring of other cantilevers could be achieved, as, for
example, h5 in the next frame and its inset, for 40 μJ/cm2 and
1.31 MHz excitation. All other cantilevers look very sharp in this
image, directly indicating the selectivity of the resonance. Again,
the repetition rate is approximately one-half of the previously
determined fundamental frequency of h5 (Figure 3), and, also
again, the laser repetition rate divisor is an odd number so the
fundamental is not directly accessible.
Very similar resonance responses were produced by excitation
with the nanosecond laser system, but with repetition rates below
0.102 MHz, and therefore from 11 to 30 times lower than the
relevant nanocantilever fundamental frequency. The fine adjust-
ment of frequency in this case made possible the direct measure-
ment of resonance bandwidth, estimated at ∼2 kHz for the 1.1
MHz fundamental of h1/h2. The amplitude of achievable
blurring was found to diminish substantially as the cantilevers
shortened, with no strong selective response seen for cantilevers
shorter than the 5 μm length of h5. Thus, no clear resonant
response of nanopiano cantilevers was ever observed. At average
power levels above about 2.5 mW incident on the specimen,
motion and blurring of all the cantilevers were seen, independent
of repetition rate.
In the course of these experiments it was observed that the
average power of the excitation pulse train was a critical element
in establishing a resonance condition. In tuning the power at
fixed frequency, it was found that the h1/h2 resonance had a
typical width of∼0.1 mW in average power. This dependence on
average power represents a temperature dependence in the
resonance frequency of the cantilevers and made it possible to
adjust the resonance over a frequency range of∼5% at any given
time. Increasing power led systematically to a reduction in the
resonance frequency in experiments done in quick succession,
with a rate of about 30 kHz/mW. This temperature depen-
dence of the frequency response is believed to be responsible for
the fluctuating amplitude of the cantilever motion under reso-
nant excitation. As the cantilever is driven to a high amplitude of
vibrational motion, mechanical heating will shift its natural
frequency out of resonance with the driving source, allowing
the vibration to subside. In this more quiescent state, the
cantilever will cool and the natural frequency will rise back to
the value established by the radiatively determined temperature
of the material, at which point the cycle repeats.
The absolute frequency of the h1/h2 resonance, even at a
given power, was found to vary by over 10% in different sets of
data measured by femtosecond laser excitation over the course of
3 days. These results show a fairly high degree of variability in the
mechanical characteristics of h1/h2, at least, suggesting changes
in the structure over time. Indeed, after a period of extensive
study, both stroboscopically and under resonance excitation, the
resting structure of h1/h2 could be seen to have undergone some
permanent deformation. Because of the variability and tempera-
ture-tunability of the natural frequency of h1/h2, direct resonant
actuation at the fundamental frequency was achieved by femto-
second excitation at different times and powers at both 1.08 and
1.13 MHz.
Function Control: Selective Nanosecond Excitation in
UEM. In Figure 6 are shown the results of another resonant
excitation experiment, but this time with timed electron pulse
imaging (UEM mode). The frequency of excitation was 93.12
kHz with a pulse fluence of 56 μJ/cm2 and average power of 0.15
mW, establishing a condition of stable resonant blurring of h1/h2
in TEM mode. The image timing was scanned in 40 ns steps
beginning 190 ns before the arrival of the excitation pulse, and a
UEM image of h1/h2 was recorded using a 10 s exposure at each
delay. The result is a very regular periodic transformation of the
cantilever image from being sharp and well-defined to appearing
as a “double exposure”, in which the two overlapping cantilever
images are displaced in opposite directions, one up and one down
(see below). The images in Figure 6 recorded at 770 and 570 ns,
respectively, illustrate these two extremes in evolution.
The total course of time evolution is represented in Figure 6 by
a plot of selected area cross-correlation of the area indicated by
the box in the images, with reference image chosen at 570 ns.
This function reflects the obvious oscillatory broadening and
narrowing of the cantilever profile in each cycle, with a period of
∼440 ns. Because the fundamental resonance of h1/h2 is ∼1.1
MHz, with period ∼900 ns, the observed oscillation must
represent a half cycle of the actual cantilever vibration. On the
basis of the cross-correlation appearance, the data were fit using
the absolute value of a sine function, |sin(2πν(t t0))|, with an
added constant slope, to obtain a period of τ = 875 ( 15 ns or
frequency of 1.14( 0.02 MHz. The fit is plotted as a dotted line
in the figure, with the phase angle of the sine being zero either
110 ns before or 327 ns after the arrival of the excitation laser
(∼π/4 or þ3π/4 phase shift, respectively).
If the cantilever were responding to the periodic laser pulse
train as a synchronously driven oscillator, the expected UEM
appearance would show a sharp image at all times, but with
position varying periodically as the cantilever traces the same
trajectory relative to the driving pulse in each excitation cycle.
Instead we see only nodal points on the time axis at which the
Figure 6. UEM probing of resonant control. Two UEM images from a
scan of the h1/h2 cantilever pair under resonant excitation (93.12 kHz,
and 56 μJ/cm2) are shown at lower right, for delay times corresponding
to the two extremes of image evolution: amaximumwidth, double image
at 570 ns and a single sharp image at 770 ns. The rectangular boxes
around h1 indicate the selected area for calculation of the cross-
correlation whose time-dependence is plotted at the top of the figure
(red solid curve). The image at 570 ns served as the reference image for
the cross-correlation, and the value of 1 for that time delay has been
omitted from the plot. Also in the plot is a fit of the cross-correlation to
the function Aþ Btþ C |sin(2πν(t t0))| (red dashed curve) and two
sine curves with frequency ν = 1.16 MHz and phase angles π/4 and
3π/4.
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position is invariant, separated by time points in which both
upward and downward displacement occurs with roughly equal
probability during the 10 s exposure time of the image. That is,
the actual motion can be modeled by two sine functions with a
fixed π phase sift, with phase angles of π/4 and 3π/4 with
respect to the laser, as plotted at the bottom of Figure 6. The
basic features of the images and of the cross-correlation shape are
completely consistent with this description: the image changes
slowly around the cross-correlation maximum, where the two
overlapping and oppositely displaced images reach turning
points in their respective sinusoidal trajectories, while the max-
imum image difference with respect to 570 ns (which produces a
cross-correlation minima) occurs at the nodal points, around
which the cross-correlation is symmetric and the rate of image
change is fastest. The possibility that the periodic change in
image is related to the characteristic fluctuation in the amplitude
observed during resonant excitation is rejected on the basis of the
very regular timing of the variation, in this scan and two other
shorter scans, and the use of an exposure time for each of the
UEM images that was much longer than the typical time scale of
such fluctuations.
Since the cantilever must occupy a single position at the time
of arrival of any given electron probe pulse, the observed periodic
alternation of single and double images shows a regular reversal
of direction of motion with respect to the nodal points while
strictly maintaining the node positions relative to the excitation
pulse. This is consistent with a constant frequency and two and
only two phase angles spaced in time by multiples of the interval
between laser pulses. Specifically, a continuous shift in natural
frequency, which would result in a continuous rather than
bimodal phase angle change is not consistent with this behavior.
Phenomenologically, the observations can be reproduced by
letting the interpulse period be equal to n þ 1/2 vibrational
periods, with consecutive laser pulses in the train of excitation
arriving at points 180 apart in the cycle of cantilever vibrational
motion. With this in mind, the known frequency of excitation
gives the resonance as (nþ 1/2) 93.12 kHz for some integer n.
The oscillation frequency of 1.14 ( 0.02 MHz from the fit of
the UEM signal is equally well matched by the driving repetition
rate multiplied by 12 or 121/2 and therefore provides no support
for the correctness of either multiplier. If the unexpected half-
integer resonance is in fact responsible for the behavior observed,
consistent with the evidence discussed above, the repetition rate
multiplied by 12.5 provides a more precise value of ν = 1.16MHz
(or period τ of 859 ns) for the driven oscillation in the experiment
in question. (The two sine curves in Figure 6 were generated
using this value of ν.) The mechanism and conditions contribut-
ing to the establishment of this particular type of resonance
behavior remain to be investigated. However, its existence and the
possibility of half integer frequency ratios adds uncertainty to the
determination of a cantilever’s natural frequency by resonant
excitation using low repetition rates. In particular, for our
nanosecond resonance experiments using repetition rates around
100 kHz, both half andwhole integermultipliers would need to be
considered in the assignment of the corresponding fundamental
natural frequencies of the cantilevers.
Nanothermostat Effect. As a final point of interest concern-
ing the investigation of optical excitation of this particular
nanocantilever system, we report measurements related to the
characterization of the deflection response to temperature
changes. Shown in Figure 7 is a schematic representation of a
bimetallic cantilever that exhibits bending for a change in
temperature, from T1 to T2, due to the difference in thermal
expansion properties of the materials. Deflection due to this well-
Figure 7. Nanothermostat effect. Schematic representation of a bimetallic cantilever at two temperatures (T2 > T1). Bending results from the different
thermal expansion coefficients, with RNi > RTi. Difference images show the steady-state response of nanoharp cantilevers to irradiation at different laser
powers. Themeasured displacement of the h1 cantilever tip in projection is converted to a vertical bend amplitude for the plot, with the slope of the linear
fit to the data shown in the figure.
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known bimetallic, or thermostat, effect was investigated by
Timoshenko,21 and is determined by the difference in thermal
expansion coefficients, R1 and R2, and the thicknesses, d1 and d2,
and Young’s moduli, Y1 and Y2, of the two component layers,
according to:
Δ ¼ L
2ΔR
ðd1 þ d2ÞβΔT ð2Þ
where L is the cantilever length, ΔT = (T2  T1), and
β ¼ 3ð1þ d1=d2Þ
2
3ð1þ d1=d2Þ2 þ ð1þ d1Y1=d2Y2Þðd21=d22 þ d2Y2=d1Y1Þ
ð3Þ
Such deflection of cantilevers under thermal stress is widely used
in the design of micro- and nanocantilever sensors.3,4
The consequences of this effect were apparent for heating of
both nanocantilever arrays in this study. Upon irradiation at a
high nonresonant frequency with increasing average power in
our microscope, a progressive downward deflection was easily
detected, as illustrated in the images of Figure 7. Bymeasurement
of the displacement of the h1 cantilever tip in the projection of
the image, with both the tilt angle at which the measurement was
made and the upward tilt from the film plane of the room
temperature structure accounted for (see Figure 1), the deflec-
tionΔwas extracted for each power, and the results are plotted in
the graph of Figure 7. This conversion of measured displacement
to vertical deflection is only approximate and illustrative, since
some lateral motion of the twisted cantilever structure is in-
dicated and expected. The observed points of the plot can be fit
to a linear dependence as shown, with a slope of 419 nm/mW.
If the simplified, two-layer structure of the schematic of
Figure 7 were assumed for the h1/h2 cantilever, eq 2, with
thermal expansion coefficients of Ni and Ti of 13.4  106 K1
and 8.6  106 K1, respectively, predicts a downward deflec-
tion of 4.9 nm/K for the full length of the h1 cantilever of 9.1 μm.
At this curvature, the stresses of tension and compression of the
Ti and Ni layers, respectively, are in equilibrium. When the more
involved calculation for stress and curvature of a multilayered
film22,23 is applied for the current three-layer composition, withR
of Si3N4 equal to 3.3 106 K1 and using the Y values only for
the elastic moduli in the quasi-one-dimensional h1 cantilever, a
similar deflection of 7.2 nm/K is obtained. With this value, the
measured linear deflection as a function of power indicates that a
steady-state local temperature rise of ∼58 K results for each
milliwatt of average power incident on the specimen. Of course,
the sensitivity of this temperature measurement is fundamentally
limited by the short length of the nanocantilever, which appears
quadratically in the deflection formulas, and much higher sensi-
tivities have been reported for microcantilevers designed speci-
fically for such applications.4
In addition to conventional measurements of steady-state
temperature changes on the micrometer length scale that are
possible through the thermostat effect, the introduction of time
resolution allows the measurement of transient power or tem-
perature distributions and the characterization of heat transport
properties of the substrate in which the cantilever is fabricated.
For example, in Figure 8 is shown the lateral displacement of the
projected image of the h1 cantilever in a series of stroboscopic
time scans of the nanoharp array recorded a month after the
experiments of Figures 2 and 3. The resting structure had been
slightly modified in the intervening period and the tilt angle used
was 35 instead of 30, resulting in an altered appearance of the
dynamics, but without change in the fundamental out-of-plane
bending frequency of 1.07 MHz. The data show both the
oscillatory component of the response and the decaying offset
of the equilibrium position. The latter is interpreted in terms of a
thermostatic deflection of the cantilever, but in this case the
temperature is the transient response to a single pulse of
2 mJ/cm2 fluence. The temporal evolution of the offset shows
the heat dissipation dynamics in the film. In the present case, the
heat loss can be approximately modeled as a 1/t decay as given by
the theory of heat diffusion in 2D. The plotted curve shows the
theoretical result for a cooling half-life of 26 μs.
If the instantaneous lateral displacement of Figure 8 is con-
verted to a vertical deflection as done for the steady-state images
of Figure 7, with the same caveats mentioned there, the value of
7.2 nm/K may again be used to estimate the temperature jump,
yielding ΔT = 61 K. When the 2 mJ/cm2 pulse fluence of the
experiment and the heat capacities and optical constants of the
film materials are used instead, a value of ∼40 K is predicted for
the temperature jump. This order of magnitude agreement is
reasonable given the uncertainties in these two rough estimates
and is sufficient to suggest that a temperature measurement using
such a cantilever could reach a resolution of a few degrees K on a
spatial scale of micrometers and temporal scale of microseconds.
Smaller cantilevers could have finer spatial and temporal resolu-
tions, but with reduction in deflection amplitude and thus in
temperature resolution.
Conclusion. The reported investigation of nanosystems, in
this case arrays of nanocantilevers for different functions, in 4D
electron microscopy demonstrates that such complex systems
can be visualized in space and time, displaying for the arrays,
nanoharp and nanopiano, the movements of individual “keys”
and the torsion of the cantilevers (see text and S4 in the
Supporting Information). As importantly, selective control was
achieved using trains of femtosecond and nanosecond pulsed
excitations of these structures, designed to control the motion of
one cantilever out of the whole array; such in-phase excitation
narrows the tone to one key. Moreover, because both the
Figure 8. Transient thermostat effect in nanoharp dynamics. The plot
exhibits lateral position change of the h1 cantilever as a function of time
in three different time windows, measured stroboscopically following a
single nanosecond pulse of 2 mJ/cm2. The specimen was tilted at an
angle of þ35. The dotted line follows a 1/t dependence, as predicted
for the peak temperature of a Gaussian distribution under 2D heat
diffusion, with a 26 μs half-life.
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amplitude and temporal profile of motion can be recorded, it was
possible to observe and characterize a static and transient
thermostat effect on the nanoscale. The particular size and
resonant frequencies of these systems make them suitable for
in situ temperature measurement for mapping radiant power and
characterizing heat transport in materials. Potential applications
are numerous for the visualization and control in these and other
systems.
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bS Supporting Information. Three videos and one figure
showing free response to impulsive activation of nanoharp (S1)
and nanopiano (S2) systems, resonant control of one cantilever
of the nanoharp (S3), and a plot of the torsional intensity of the
p1 cantilever and its frequency spectrum (S4). This material is
available free of charge via the Internet at http://pubs.acs.org.
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